A method of post-development intensification of photographic images using a newlv developed autoradiographic procedure is described. Radioactive Thiourea-S^' is combined with silver in the developed emulsion, which is then contact printed with a receiver emulsion. The beta deeav from S {;> produces an enhanced autoradiographic image. The laboratory technique is described and results of astronomical applications are presented
I. Introduction
Autoradiographic image intensification is an effective post-development technique for recovering low-density photographic images which are difficult or impossible to retrieve by any other means (Dement 1952; Thackray 1975) The method of autoradiographic intensification with Thiourea-S 35 has been developed and studied at Marshall Space Flight Center as a practical technique for use in astronomical photographic laboratories (Askins 1976 (Askins , 1978 . Included in this report are: a summary of the theory and experimental procedure for the Thiourea-S 35 method, examples of the results of the resulting enhancement, and analysis of the effects of intensification on the characteristic curve for a typical astronomical emulsion (Kodak 103a-O).
II. Review of Theory
The unexposed photographic emulsion consists of silver halide crystals embedded in photographic gelatin. Exposure to visible light or ionizing radiation converts a small number of the silver ions to elemental silver atoms which are known as the latent image. In the case of black-and-white films the development chemistry, catalyzed by the latent image, converts many additional silver ions to elemental silver. This silver normally has sufficient mass to create an image visible to the human eye. The undeveloped silver halide is then removed by the fixation process. The quantity of elemental silver produced by the development process is proportional to the level of the original exposure; whether or not the proportionality is linear depends on many factors including the type of film and type of development.
In the case of extremely underexposed films, the latent image is formed and the elemental silver is produced by the development process just as for normal exposures. In this case, the total mass of developed silver is insufficient to be easily detected by the human eye or a mechanical optical system; nevertheless, the developed silver grains are present in proportion to the magnitude of the original exposure. The image has been recorded and stored in the emulsion even though it was not fully retrieved bv the development process.
The stored image can be detected by a sensitive chemical process such as the reaction of Thiourea-S 30 with elemental silver. The image can be amplified by the beta radiation from the radioactive silver sulfide molecules which are the products of the reaction. A new image, which is easily visible, can be created by exposing a second emulsion to the beta radiation, so that a new latent image is formed, and then developing this emulsion by standard procedures. The mass of silver in the new image is proportional to the original exposure although the proportionality constant will not be the same as for the original exposure-density curve. A quantitative analysis of the original exposure requires that a calibration image be intensified along with the image of interest.
In alkaline aqueous solution, Thiourea-S 3° reacts readily with the photographic silver and negligibly with the gelatin. Thiourea-S 30 also reacts readily with silver halide so that successful intensification requires that the silver halide ions are efficiently removed from the emisión. The chemical reaction cannot qualitatively distinguish between image silver and fog silver. In practice, this usually means that the emulsion must be refixed and thoroughly rinsed before the activation reaction is begun. A very low-density silver image will be intensified so as to become visible above the fog density if the quantity of image silver is greater than the quantity of fog silver even though the difference between the two is not visibly apparent. The quantity of fog silver, i.e., the gross fog density is, however, the major limitation to enhancement and the best results are achieved with original films which have very low fog density.
From the preceding discussion, it is apparent that although autoradiographic intensification cannot "bring out an image which is not there," it can "bring out an image which could not previously be seen." The results of autoradiographic intensification also alter the concept of the "toe" of the characteristic curve. Useful information is apparently stored in the photographic emulsion at densities normally designated as being the toe of curve, and this information can be recovered by this sensitive enhancement process.
III. Experimental Method
The clean negative to be intensified is placed in a drum ordinarily used for developing color films. All subsequent processing is done in the drum using (for an 8 bv 10-inch drum) 100 ml portions of the appropriate solutions. Good contact between the negative and the solutions is assured by rotating the drum on an automatic agitator. The pretreatment before activation usually consists of rinses with dilute fixer (5 min) then methanol-water solutions and distilled water (about 30 min total time). For astronomical films the fixer solution is usually 50% nonrapid fixer and 50% water. A total of six to eight rinses are used to assure complete removal of the fixer.
Activation is done using a dilute solution of Thiourea-S 35 , pH controlled to be basic. Thiourea-S 35 stock solution is prepared by dissolving 5 millicuries of Thiourea-S 35 in 250 ml of water. The activation solution is prepared from this stock solution just before use. Twentv-five milliliters of 0.1 N ammonium hydroxide or sodium hydroxide solution is mixed with 50 ml of water and 25 ml of the Thiourea-S 35 stock solution. This activation solution is added to the drum after the last prerinse and agitation is continued for 20 to 30 minutes. For astronomical plates which are sensitive to high pH solutions, it is important to use ammonium hydroxide rather than sodium hydroxide, which is a stronger base, and to keep the temperature below 20° C.
After activation, the rinse cycle is repeated, with the exception that the fixer solution is omitted. The film is removed from the drum, dried and its radioactivity checked. At this point, the negative is essentially a sealed radioactive source. There is no danger of the radioactive material becoming free unless the emulsion is harmed by chemicals or heat. The autoradiograph is made by placing the activated film in direct contact with the receiver film inside an exposure cassette or other convenient apparatus.
IV. Practical Laboratory Considerations
The major laboratory considerations relate to the use of the radioactive material. Although the beta radiation is soft and can be stopped by an ordinary piece of cardboard, a Nuclear Regulatory Commission license is required for its use. The experimenter who applies for a license will be required to submit a safety-use pro 1 cedure. This will include working under a fume hood and wearing rubber gloves when working with the radioactive material in solid form or in solution. It is also necessary to periodically monitor the laboratory and personnel with a thin window Geiger counter to assure that there has been no contamination.
In addition to regular darkroom equipment, the intensification capability requires that the laboratory have a good fume hood, one or two thin window Geiger counters, exposure cassettes, and the processing drum with agitator. The exposure cassettes are available from medical or industrial radiology supply sources and the processing drums are available from some photographic suppliers. Thiourea-S 35 is now available in very high specific activity (e.g., 5 curies per gram) from at least one isotope supplier.
2 High specific activity allows autoradio graphs to be made in a shorter time than the early examples given in this paper. Since the radoactivity of the film is proportional to the pH of the activation solution (as well as the specific activity of the isotope and the density of the film), films activated with ammonium hydroxide solution may require longer times. The Thiourea-S 35 stock solution, protected from light and excessive heat, keeps for several months without decomposing, although total activity is lost due to normal radioactive decay. The half life of S 35 is 88 days. The desire for good intensification results as well as good safety procedures dictate that the lab and all glassware be kept absolutely clean. The film to be intensified must also be very clean and free from fingerprints to prevent the appearance of artifacts on the autoradiograph.
V. Films and Developers
Any underexposed black-and-white film or plate is a candidate for autoradiographic intensification. We have successfully enhanced images on X-ray films, nuclear emulsions, aerial films, and astronomical films and plates as well as ordinary films such as Plus-X. The best results are achieved with films and plates which have very low fog level. Autoradiographic intensification can be used sequentially with other sensitization or intensification techniques provided that the gross fog level has not been greatly increased by the earlier treatments.
No special developers or development procedures are required for the films which are to be intensified, but it is important to use careful development techniques which keep the gross fog low. The use of a lowcontrast developer for the original film is recommended to allow the recording of useful information over a wide exposure range. The contrast of the image can then be increased to desirable levels by autoradiogra-phic intensification. "POTA" (Levy 1967) and "H and W Control" 3 are two good low-contrast developers. Any film or plate may be used for the receiver film (the autoradiograph) and it may be developed by any convenient method. The contrast and latitude of the final image can be varied by the choice of receiver film and developer as well as by the autoradiograph exposure time.
For most applications, X-ray films are usually the first choice because of their inherently high contrast and ease of handling. Kodak Type A A industrial X-ray film is favored for a first "quick-look" autoradiograph, Type R single-coated film is the best choice for a finegrained high-contrast image, and Type M is intermediate in speed, grain size, and contrast. The X-ray films are usually developed by hand or in an automatic processor using commercially available X-ray processing chemicals, but interesting variations in image latitude and contrast can be achieved by developing the X-ray film with a low-contrast developer. This combination combines the advantages of the high-silver-togelatin ratio of X-ray films with the advantages of a wide-latitude image due to the low-contrast developer. The low-contrast developer should be prepared at double strength for use with the X-ray film. Electron microscope film (e.g., Kodak 4489) and nuclear emulsion (e.g., Kodak NTB-3) are also good autoradiograph films but they are not as convenient to handle and develop as the X-ray films. Dempster (1978) has found that Kodak NMC Nuclear Medicine Film has the advantages of X-ray film and is made with a clear base which allows a more pleasing overall image than the former which always has a blue or green base. Carruthers, Opal and Heckathorn (1978) report that lantern slides are good receiver emulsions for special images.
The contrast, gross density, and total image visibility generally increase with autoradiograph exposure time. The upper limit to intensification is set by the gross fog density; we have found that it is useful to make autoradiographs up to a gross fog density of about one. When it is important to extract all possible information from an underexposed image, several autoradiographs can be made at different total densities as various sections of the original image may receive optimum enhancement at different densities.
VI. Results
There are two direct applications for autoradiography in astronomy, the rescue of valuable exposures that were accidentally underexposed and the enhancement of images on emulsions that were unable to reach their limits imposed by background. In this section, we will present results from application of autoradiography including both examples and quantitative information.
The first illustration shows the qualitative results that can be obtained. Figure 1 shows a best-effort print solar image original and three autoradiographs. The original was taken with an Ha Prominence Telescope at the Mauna Loa station of the High Altitude Observatory on SO-392 film and was supplied by Richard T. Hansen. The enhancement latitude achievable by varying the receiver film and development is illustrated by the several autoradiographs. Note that the conventional X-ray film autoradiograph (b) most effectively brings out the extremely underexposed prominence at a distance of about one solar radius, but the lower contrast autoradiographs (c and d) give more information in the total image. A section-by-section, feature-by-feature comparison of the autoradiographs and the original shows that there are few features seen on one, but not the other, even though the visibility is much better on the autoradiograph. This result naturally raises the question of the true utility of image intensification. We believe that the qualitative gains are significant because if you don't know something is there, it doesn't do any good. The faintest features that can be seen on both the original and the autoradiograph are not seen when only the original is available. This indicates that the intensified image has brought features over the threshold for detection, and this is functionally equivalent of a true information gain. As will be shown later, quantitative arguments can be made about the theoretical information gain; however, these considerations do not recognize the threshold-ofperception aspect.
The solar illustration characterizes the situation wherever the background brightness is low. These cases are common in long-focal-ratio exposures where the speed consideration has been sacrificed in order to gain better linear resolution. The low-background case also applies to many early astronomical photographs, which were made at the long focal ratios characterizing refractors and with low sensitivity emulsions. Since this method of autoradiography works with the developed image, it is possible to enhance even very old exposures, although refixing is usually essential. This method of autoradiography has already been applied to nonastronomical early photographs with excellent success . A final related application is for those cases where accidental underexposure was made on a time-critical event. Autoradiography has already been used to enhance underexposed ultraviolet images obtained from a rocket flight (Carruthers and Opal 1977; Carruthers et al. 1978) . Another potentially useful area of application is in high-resolution spectroscopy of emission-line sources (Gary, Fountain, and O'Dell 1977) . In this case, the source usually has an enormous range of line intensities and the background light level is quite low. Figure 2 shows laboratory spectra obtained from George R. Carruthers of a hydrogen-lamp source in the region 1100 Â-1250 Â at a resolution of about 1.5 Â. Each spectrum is double, with the upper portion 16 times the intensity of the lower. The exposure times were 1, 8, and 10 seconds. In this case, the original film was Kodalith LR-2572. The enhancement is dramatic and significant. A more quantitative illustration is given in Figure 3 , where we show microphotometer tracings of the shortest exposure and its autoradiograph. corresponding autoradiographs, (b) was exposed on Type R X-ray him ray film and processed with H & W Control developer, and (d) is on Qualitative studies were made of the common astronomical emulsion Kodak 103a-O.
Step-wedge exposures were made, which ranged from well-exposed sections down to imperceptible exposures. These films were then subjected to the Thiourea treatment described earlier and then autoradiographs were made. The densities of the film pairs were measured with a MacBeth TD502LB densitometer, the contrast was calculated as the instantaneous slope of the density-log exposure curve, and the speed was calculated at densities of 0.3, 0.6, and 1.0. The resolution was read from two standard three-bar resolution charts. Characteristic curves for a 103a-O original developed in D-19 and autoradiographs on Kodak Type R X-ray film are reproduced in Figure 4 . A summary of the relative speed, con- trast, and resolution for these films plus 103a-O films developed in POTA and autoradiographs on Kodak 4489 Electron Microscope Film is given in Table I . A complete quantitative analysis must include signalto-noise and detective quantum efficiency calculations. These measurements are complicated by the fact that the autoradiograph noise is not a constant function of spatial frequency (i.e., the noise is not "white"); therefore, the Wiener spectrum is required to completely characterize the noise. The Wiener spectrum, or noise power spectrum, provides a measure of the film density fluctuations as a function of spatial frequency ( Dainty and Shaw 1974; James 1977) In a sequel to this paper we will report a more complete, quantitative analysis including Wiener spectrum measurements. Our intent here is to establish that a practical autoradiographic technique does now exist and that it holds promise for astronomical applications. For their support and help in the preparation of this report, we thank Paul Robb, James Smith, George Carruthers, Ed Hahn, Ed DiCorcia, Shirley Hansen, and Richard Hansen.
